Introduction
Tregs are multifunctional and heterogeneous lymphocytes important for maintaining immune homeostasis and preventing autoimmunity (1) (2) (3) . The type of suppressive and regulatory mechanisms utilized by Tregs is often dictated by the tissue site and the type of immune response (4) . Accordingly, Tregs exhibit unique T cell receptor (TCR) repertoires depending on the tissue site examined, suggesting that immune regulation in different anatomical locations is tissue specific (2, 5) . Several studies suggest that TCR specificity is a critical feature of Tregs in preventing tissue-specific autoimmunity (6) (7) (8) (9) ; however, within the Treg population, there exists significant variability of TCR self-reactivity (10) (11) (12) . Thus, it remains unclear whether the level of TCR affinity for self-antigen is an important determinant of Treg function during a tissue-specific response.
TCR affinity is a principal determinant of Treg lineage commitment during thymocyte development, as Tregs generally express TCRs with stronger self-reactivity in comparison with conventional T cells (Tconvs) (10, (13) (14) (15) (16) . Moreover, TCR signaling is continually required for Treg-suppressive function in the periphery (17) . While it is still unknown to what degree TCR affinity is important for Treg function, based on our previous observations, we suspect that a certain high level of self-reactivity is more important for Treg functional capacity than for Treg development. When tissue-specific autoimmune TCRs of either high or low affinity were expressed in TCR retrogenic mice, both high-and low-affinity TCRs supported Treg development (18) . Remarkably, only mice expressing the high-affinity insulin-specific TCRs experienced accelerated diabetes development upon Treg deletion, which indicated a role for TCR affinity in Treg function. Together, these observations led us to hypothesize that, within a relatively wide range of self-reactivity, highly self-reactive Tregs are more functional during tissue-specific autoimmunity. This study addresses how the level of TCR self-reactivity impacts Treg function. We focused our analysis on tissue-infiltrating Tregs and assessed their suppressive phenotype and function in the mouse model of type 1 diabetes. Our findings establish a critical role for TCR self-reactivity during autoimmunity, where strong TCR signaling in response to self-ligands leads to generation of optimal Treg responses.
T cell receptor (TCR) affinity is a critical factor of Treg lineage commitment, but whether selfreactivity is a determining factor in peripheral Treg function remains unknown. Here, we report that a high degree of self-reactivity is crucial for tissue-specific Treg function in autoimmunity. Based on high expression of CD5, we identified a subset of self-reactive Tregs expressing elevated levels of T-bet, GITR, CTLA-4, and ICOS, which imparted significant protection from autoimmune diabetes. We observed that T-bet expression in Tregs, necessary for control of Th1 autoimmunity, could be induced in an IFNγ-independent fashion and, unlike in conventional T cells (Tconv), was strongly correlated with the strength of TCR signaling. The level of CD5 similarly identified human Tregs with an increased functional profile, suggesting that CD5
hi Tregs may constitute an efficacious subpopulation appropriate for use in adoptive Treg therapies for treatment of inflammatory conditions. Overall, this work establishes an instrumental role of high TCR self-reactivity in driving Treg function.
Results

CD5 is a faithful marker of self-reactivity. CD5 is upregulated on T cells during thymic development in pro-
portion to the strength of TCR signaling received in response to self-ligands, and it is stably maintained at a set level in the periphery (18, 19) . Although, CD5 is considered to be the most faithful marker of self-reactivity described to date, specifically in the Tconv population, direct correlation between CD5 and the magnitude of Treg self-reactivity in tissue autoimmunity has not been assessed (20, 21 ) cells confirmed previous observations that Tregs express higher levels of CD5, indicative of their general propensity for self-reactivity (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.97322DS1) (22) . CD5 expression was higher on islet-infiltrating Tconvs and Tregs compared with cells obtained from peripheral draining lymph nodes (Supplemental Figure 1A) . This indicated that self-reactive T cells were recruited to the pancreatic islets, which are sites of tissue-specific autoimmunity in NOD mice. Similar to CD5, TCR signaling (Nur77 GFP ) and frequency of tetramer-positive cells were higher in islet-infiltrating Tregs compared with Tconvs (Supplemental Figure 1 , B-D). When we subdivided the islet-infiltrating Foxp3 + Treg population into 4 equal groups based on CD5 expression ( Figure 1A ), we observed a near linear correlation (r 2 = 0.9957) of CD5 with the level of TCR signaling (Nur77 GFP ) ( Figure 1B) , as well as a strong correlation (r 2 = 0.7813) with insulin tetramer staining ( Figure 1C ). The correlation between CD5 and Nur77 GFP or CD5 and tetramer staining was also observed in effector T cells (Teffs), albeit the overall expression values were lower compared with Tregs (Supplemental Figure 1E) . To rule out the possibility that CD5 levels were merely a reflection of TCR expression levels, we assessed the level of cell-surface CD3, which was similar across the populations (Supplemental Figure 1F) . Therefore, Tregs recruited to the autoimmune tissue exhibited increased yet varied levels of self-reactivity, which was directly correlated with the level of CD5 expression.
Highly self-reactive Tregs impart significant protection from diabetes development. To elucidate the role of TCR affinity in Treg function during autoimmunity, we assessed the ability of highly self-reactive (CD5 Figure 1D and Supplemental Figure 2 , A and B). Teffs alone, or in combination with either CD5 hi or CD5 lo Tregs, were transferred into NOD.Tcrα -/-recipients, and mice were monitored for diabetes development. As expected, all mice that received Teffs alone rapidly developed diabetes with 100% penetrance by 13 weeks after transfer ( Figure 1E) . Surprisingly, CD5
hi and CD5 lo Tregs exhibited significantly different protective capacities. Nearly 90% of mice that received Teffs in combination (F) . The mean ± SEM is shown. (P > 0.05), *P < 0.05, **P < 0.005, ***P < 0.0005.
with CD5
lo Tregs were diabetic by 22 weeks after transfer ( Figure 1E ). Conversely, mice that received Teffs along with CD5
hi Tregs were largely protected from diabetes development, with less than 40% of mice developing disease ( Figure 1E ). The enhanced protective capacity of CD5 hi Tregs did not result from a difference in trafficking ability of CD5 hi and CD5 lo Tregs, as both Treg populations were present in the islets at similar frequencies ( Figure 1F ), indicating functional insufficiency of the CD5 lo Tregs. Together, these data suggest that high self-reactivity is associated with improved Treg function during autoimmunity.
Both CD5 hi and CD5 lo Tregs maintain T cell homeostasis. We next sought to assess the importance of Treg self-reactivity in an antigen-independent setting. Recent studies have shown that maintenance of immune homeostasis by Tregs is a TCR-dependent event (23) . As control of T cell homeostasis in peripheral lymphoid organs can be considered an antigen-independent response, we wanted to address if the level of self-reactivity correlated with Treg ability to maintain immune homeostasis. Naive T cells (CD4 + C-D45RB hi CD25 -) were sorted from the spleens of NOD. Figure 2 , C and D). As expected, mice that received naive T cells alone had robust expansion of Tconvs, with an observed 60-fold increase (Figure 2A) . Interestingly, cotransfer of either Treg population resulted in an effective control of naive T cell expansion ( Figure  2A ). Even when we further segregated the Treg population into the very top 35% (CD5 hi ) and bottom 35% (CD5 lo ) (Supplemental Figure 2 , F and G), both Treg subsets were still able to control naive T cell expansion, albeit there was a trend toward somewhat higher Tconv proliferation in the CD5 lo Treg group ( Figure 2B ). Moreover, both Treg subsets maintained similar levels of Foxp3 expression, as well as the transfer Tconv/Treg ratio of 4:1 (Supplemental Figure 2 , E and H, and Figure 2C ). Importantly, relative levels of CD5 expression by CD5 hi and CD5 lo Tregs were maintained after transfer ( Figure 2D ), indicating that CD5 expression on T cells is stable. Collectively, these data demonstrate that TCR self-reactivity is not an important determinant of Treg function in an antigen-independent response, as both populations were able to maintain immune homeostasis.
Islet Figure 3A) , while CD5 lo islet-derived Tregs were distinct from splenic Tregs but unable to fully attain the transcriptional landscape associated with enhanced suppressive function of CD5
hi Tregs ( Figure 3A ). Further analysis of the CD5 hi and CD5 lo Tregs from the islets showed differential expression of over 2,700 genes (P < 0.05) ( Figure 3B ). Among the 1,328 genetic transcripts increased in CD5
hi Tregs, several were associated with Treg-suppressive function, including those previously described to be critical for suppressing islet autoimmunity, Icos (24), Il10 (25) , and Ctla4 (26) ( Figure 3B ). The 30 most increased and decreased genetic transcripts in CD5
hi Tregs (q < 0.05) included higher levels of the hallmark suppressive cytokine Il10 and proliferation genes Mki67 and Uhrf1 (27) , along with decreased expression of negative regulators of TCR clustering Gbp1 (28) and Mgat5 (29) ( Figure 3C ). In line with the idea that TCR signaling strength is driving the transcriptional difference between CD5 hi and CD5 lo islet Tregs, CD5 hi Tregs from the islets showed a significant increase in expression of genes associated with TCR signaling (Zap70), as well as genes regulated by Nur77 directly downstream of TCR activation (Helios, Tnfrsf9, Itgae, Cst7) (30) ( Figure 3D ). Moreover, many of the genes associated with Treg-suppressive function that were upregulated in CD5 hi islet Tregs were previously shown to be under the control of TCR (Ctla4, Icos, Lag3, Il10, Tigit) ( Figure 3E ) (17, 31) . Interestingly, CD5
hi islet Tregs had increased expression of Areg ( Figure 3E ), a Treg effector molecule involved in tissue repair (3), perhaps indicating that highly self-reactive Tregs do not only suppress the ongoing autoimmune response but also aide in tissue repair. Overall, this suggests that high TCR self-reactivity drives Treg functional potential in the islets. Recent studies have shown that Tregs expressing T-bet and CXCR3 are indispensable for the control of Th1 immune responses, including autoimmune diabetes (31, 32) . Interestingly, CD5
hi Tregs expressed significantly higher levels of genes regulated by T-bet, including Cxcr3 ( Figure 3F ). Somewhat paradoxically, gene ontology analysis revealed that CD5
hi Tregs from the islets had decreased expression of genes involved in the response to IFNγ ( Figure 3G and Supplemental Figure 3 ), which has previously been described to be necessary for T-bet expression by Tregs (33) . This might suggest that the transcriptional program necessary for optimal Treg function in tissue-specific autoimmunity relies primarily on TCR signaling rather than inflammatory cues.
CD5 hi Tregs constitute a phenotypically distinct subset. The transcriptional landscape of CD5 hi Tregs was enriched for genes associated with Treg function. To confirm these observations at the protein level, we analyzed the expression of key markers associated with Treg lineage stability and function: Foxp3, CD25, GITR, CTLA-4, and ICOS (24, (34) (35) (36) (37) (38) . Similar to the RNA sequencing (RNA-seq) analysis, the Treg population was divided equally into the top 35% (CD5 hi ) and bottom 35% (CD5 lo ) of CD5 expression ( Figure 4A ). Analysis of Foxp3 revealed a significant increase in CD5 hi islet Tregs, perhaps suggesting enhanced lineage stability ( Figure 4 , B and C). CD25 expression was modestly increased among the CD5 hi Tregs ( Figure 4B and Supplemental Figure 4A ). Expression of CTLA-4, GITR, and ICOS, on the other hand, were significantly higher in CD5
hi Tregs (Figure 4 , B-D). This phenotypic difference between the 2 Treg subsets was also observed in spleens of the nonautoimmune prone C57BL/6 strain (Supplemental Figure 4 , B-D), suggesting that the difference in these Treg subsets is not due to ongoing autoimmunity or limited to a particular strain. Consistent with transcriptome analysis, we observed enhanced proliferation of islet-infiltrating CD5
hi Tregs, as indicated by a significantly higher percent of Ki67 + cells (17% Ki67 + CD5 lo compared with 42% CD5 hi ) ( Figure  4E ). KLRG1, a marker of terminally differentiated Tregs (39) , in combination with high ICOS expression has recently been associated with Treg plasticity in the islets of NOD mice (40) . While a higher frequency of CD5 hi Tregs expressed KLRG1, the KLRG1 + populations in the islets were relatively low (2% for CD5 lo Tregs and 4% for CD5
hi Tregs) (Supplemental Figure 4E) , suggesting that Treg lineage instability was not responsible for the decrease in CD5 lo Treg function. Together, these observations suggest that highly self-reactive Tregs represent a more functionally poised population, and the differences are amplified during tissue-specific responses. Isl. An average of 7 mice from 3 experiments is shown. Significance was determined by 1-way ANOVA with Bonferroni's multiple-comparisons test (C-E). The mean ± SEM is shown. (P > 0.05), **P < 0.005, ***P < 0.0005.
Interestingly, the differences in the CTLA-4 and GITR were already present at the thymic single-positive CD4 (CD4SP) stage, which suggests that an early developmental event might shape the Treg phenotype that is segregated by CD5 expression ( Figure 4C and Supplemental Figure 4F ). The same proportional increase in CTLA-4 and GITR were maintained in the periphery (Supplemental Figure 4G ). Stable commitment to the Treg lineage is not only dependent on Foxp3 expression, but it also requires demethylation of key Treg genes in response to strong TCR signaling (41) . Therefore, we sought to determine if the functional potential of Tregs is established during thymic selection and could be explained by the degree of demethylation of Treg signature genes Foxp3, Ctla4, and Tnfrsf18 (GITR). To this end, we examined CpG methylation of Treg associate genes by bisulfite sequencing of DNA isolated from CD5 hi and CD5 lo splenic Tregs. The Foxp3 intron 1 region of CD5 hi and CD5 lo Tregs displayed nearly complete hypomethylation -97% and 92%, respectively (Supplemental Figure 4H) . Similarly, both Treg subsets were mostly hypomethylated in the Ctla4 exon 2 region (Supplemental Figure  4I) . For the 4 CpG positions of Tnfrsf18 (GITR) exon 5, 88.6% were hypomethylated for CD5 hi Tregs, whereas 76.7% were hypomethylated for the CD5 lo Tregs (Supplemental Figure 4J) . Overall, the level of methylation was largely similar between CD5 hi and CD5 lo Tregs, suggesting that they are both stably committed to the Treg lineage. Interestingly, the differences in GITR and CTLA-4 expression were most pronounced in thymus and autoimmune tissue (pancreas) -2 tissue sites where Tregs are more likely to come in contact with cognate self-antigen. These observations suggest that key Treg functional genes are under continuous regulation immediately downstream of TCR signaling.
Level of CD5 expression on human Tregs correlates with functional phenotype. Although Treg-based therapies hold great promise for treatment of autoimmunity, it is unclear whether a general expansion of the Treg population in patients with autoimmunity is an efficient or effective approach. It is more likely that therapies focused on tissue antigen-specific Tregs would be more efficacious, as the cells could home to the appropriate tissue site and exert local, robust suppression (42, 43) . Unfortunately, isolation of sufficient numbers of human antigen-specific Tregs is a challenging prospect; therefore, the use of alternative markers associated with functional self-reactive Tregs should be explored. (D and F) . The mean ± SEM is shown. **P < 0.005 and ***P < 0.0005.
We therefore sought to address whether human Tregs with an increased functional profile could similarly be identified based on the level of CD5 expression. Freshly isolated PBMCs were composed of 19%-34% CD4 + CD3 + T cells ( Figure 5A ), with CD25 + FOXP3 + CD127 lo Tregs accounting for 3.2%-5.5% of the total CD4 + T cell population ( Figure 5B ). In order to effectively segregate Tregs based on CD5 expression, we interrogated the top 35% (CD5 hi ) and bottom 35% (CD5 lo ) of the population (Figure 5C ). Compared with CD5 lo counterparts, CD5 hi Tregs showed significantly increased expression of ICOS, FOXP3, GITR, and CTLA-4 ( Figure 5, D-F) . Therefore, CD5 expression correlates with an increased functional profile in human Tregs.
TCR affinity drives T-bet expression in Tregs.
It is clear that both cell intrinsic (TCR) and extrinsic (inflammatory milieu) factors affect Treg function, but to what degree each is responsible for modulating Treg functional potential is unknown. Local inflammatory cues direct Tregs to take on distinct phenotypic changes and upregulate T helper lineage transcription factors that mirror that of their target effector subset (44-46). Several groups have described cotranscription factor expression by Tregs as being necessary for their ability to suppress specific T helper lineages (32, (44) (45) (46) (47) . Explicitly, coexpression of Foxp3 and T-bet by Tregs is indispensable for their ability to prevent autoimmune diabetes (32) . In line with this idea, RNA-seq analysis revealed that functionally superior CD5 hi islet Tregs exhibited an enhanced T-bet program ( Figure 3F) . At the protein level, we observed a significant increase in T-bet expression in the inflammatory tissue site, which was more pronounced in the CD5
hi Treg subset (20% T-bet + in CD5 lo vs. 50% in CD5 hi ) ( Figure 6, A and B) . Notably, the dramatic difference in T-bet expression between CD5 hi and CD5 lo T cells was mainly seen in the Treg compartment, with a near 3-fold difference, while the difference between islet-infiltrating CD5 hi and CD5 lo Tconv subsets was substantially less significant (16% vs. 27%, Figure 6B) . Although, recent studies have shown that T-bet expression can be associated with Treg instability characterized by expression of IFNγ (48), both Treg subsets expressed similar and mostly negligible levels of IFNγ after in vitro restimulation ( Figure 6C ). 
(F) Frequency of T-bet-expressing Tregs. (G) Frequency of T-bet-expressing Tconvs. (H) TCR-mediated T-bet induction in vitro. T-bet expression was induced in CD4
+ Tregs sorted from the spleens of 8-to 14-week-old NOD mice by stimulating the cells for 48 hours with 1,000 U IL-2, 1 μg/ml plate-bound anti-CD28, and serial dilutions of plate-bound anti-CD3. Each culture also received either 25 ng/ml IFN (+IFNγ) or 2 μg/ml anti-IFNγ (α-IFNγ). Analysis is gated on CD4
+ T cells. An average of 3 mice from 1 representative experiment is shown. Significance was determined by 1-way ANOVA with Bonferroni's multiple-comparisons test (B-G) and 1-tailed paired t test (H). The mean ± SEM is shown. (P > 0.05), *P < 0.05, **P < 0.005, ***P < 0.0005.
The increase in T-bet in CD5
hi Tregs was hard to reconcile with reduced IFNγ responsiveness ( Figure  3G ). Several genes downstream of IFNγ signaling were downregulated in CD5 hi Tregs, including Socs1, Stat1, H2-Aa, and Txk ( Figure 3G ). The decrease in the IFNγ response appeared to be regulated at the receptor level, as mRNA expression of both IFNγR1 and -R2 were reduced in CD5 hi Tregs, which was verified at the protein level for IFNγR1 ( Figure 3G and Figure 6D ). These results suggested a dominant role for TCR in regulating T-bet expression in Tregs.
In order to dissect the contribution of TCR signaling in driving T-bet expression in Tregs, we immunized insulin-specific 12-4.1 TCR transgenic (Tg) mice with strong and weak agonist insulin peptides. The binding of insulin self-peptide B9-23 (InsB9-23) to MHC I-A g7 is unstable in the target register and represents a weak agonist for TCR stimulation (49) . The modified peptide R22E, on the other hand, forms a more stable peptide-MHC complex and acts as a strong agonist for insulin-specific T cells (50) . Immunization of NOD mice with the strong agonist has previously been shown to protect mice from diabetes development, presumably through induction of insulin-specific Tregs (50) . We hypothesized that the protection was also dependent on the level of T-bet induced by the strong agonist. Mice (12-4.1 TCR Tg) were immunized s.c. with 100 μg of peptide emulsified in incomplete Freund's adjuvant (IFA) and analyzed 12 days later. While administration of hen egg lysozyme I-A g7 epitope (HEL) had no effect on Treg frequencies, both InsB9-23 and the strong agonist R22E promoted a modest increase in Foxp3 + T cells ( Figure 6E ). Importantly, T-bet expression was induced to a higher level in R22E-treated mice than InsB9-23-treated mice ( Figure 6F ). Consistent with our observations in polyclonal NOD mice ( Figure 6B ), T-bet expression in Tconvs seemed to be less dependent on TCR signaling strength, as treatment with either R22E or InsB9-23 resulted in similar expression of T-bet ( Figure 6G ). Taken together, these data suggest that TCR signal strength is important for induction of the T-bet program in Tregs.
To further elucidate the relative contribution of TCR signaling strength and IFNγ in inducing T-bet expression in Tregs, we stimulated purified Tregs with serial dilutions of anti-CD3 in vitro in the presence or absence of IFNγ. In an inflammatory environment (25 ng/ml IFNγ), strong TCR stimulation (1 μg/ml anti-CD3) led to upregulation of T-bet in about 20% of Tregs ( Figure 6H ). As the strength of TCR stimulation decreased, there was a proportional decrease in the frequency of T-bet-expressing Tregs ( Figure 6H ), indicating that the strength of TCR signal perceived by Tregs within the inflammatory context regulates T-bet expression. Importantly, in the absence of IFNγ, assured by the addition of the IFNγ-blocking antibody, we observed a reduced but significant level of T-bet induction ( Figure 6H ). Taken together, these data indicate that the enhanced protective capacity of CD5
hi Tregs in vivo relies on TCR-driven T-bet expression, necessary for their ability to control pathogenic Th1 Teffs.
Discussion
In this study, we addressed the importance of TCR self-reactivity for optimal Treg function. A number of studies have focused on the role of TCR affinity in Treg development, with limited investigation into its role after thymic selection. Through the use of conditional TCRα-KO mice, it was recently shown that TCR is essential and is continually required for Treg function; however, it is still unclear whether the level of TCR signaling is proportional to Treg function (17) . Several approaches have utilized surrogate markers to distinguish Treg populations with various levels of self-reactivity (22, 51) . A more recent study used a combination of 3 surface markers to differentiate a population of functional Tregs in models of colitis and immune homeostasis (GITR, CD25, PD-1) (51). The authors observed that GITR, CD25, and PD-1 triple-positive Tregs expressed higher levels of Nur77 GFP and CD5 and selectively controlled immune homeostasis, whereas triple-negative Tregs selectively limited colitis development. While the study brought to light the potential importance of TCR self-reactivity in driving specific Treg functions, the cell-surface markers used to identify these Treg subsets (GITR, CD25, PD-1) are dynamic in their level of expression and might constitute Treg populations at a different level of activation. Unlike the previous studies, we used a more direct approach for evaluating TCR self-reactivity in Tregs by using a single, relatively stable indicator of TCR self-reactivity -CD5. Our approach showed that CD5 hi and CD5 lo Tregs were able to efficiently control T cell homeostasis, suggesting that self-reactivity is not important for regulation of immune homeostasis. Most importantly, we also compared Tregs isolated directly from a target tissue, at the site of focused antigen-reactivity, rather than from a lymphoid organ with multitissue TCR specificities. We observed that CD5 hi Tregs, or highly self-reactive Tregs, exhibited a more functional phenotype and were more protective in tissue-specific autoimmunity.
The superior functional potential of CD5 hi tissue-infiltrating Tregs was associated with an increase in Treg signature genes: Tigit, Lag3, Ctla4, GITR, IL-10, Areg, and Icos ( Figure 3E and Figure 4) . Interestingly, at the protein level, ICOS expression was restricted to islet-infiltrating CD5
hi Tregs ( Figure 4D ). ICOS has previously been shown to identify a highly functional islet-infiltrating Treg population, which preferentially upregulates CXCR3, suggesting an important role for TCR in driving the program necessary for regulation of Th1 islet autoimmunity (32, 52, 53) .
TCR signaling during thymocyte development is mediated by continuous sampling of multiple self-ligands, as cells progress through positive and negative selection. It is likely that CD5 expression is proportional to the net overall signal received by a T cell in response to several ligands. Therefore, CD5 might not always indicate a level of reactivity to a single self-peptide but rather the cumulative TCR signaling received during thymic selection (21) . Nevertheless, we observed a direct correlation with CD5 and TCR-induced Nur77 GFP in islet-infiltrating Tregs ( Figure 1B) . Presumably, Tregs infiltrating pancreatic tissue are reactive to a particular pancreatic antigen, and in that case, CD5 has a direct correlation with reactivity to self. This is supported by the observation that reactivity to an islet antigen, based on insulin tetramer binding, is associated with higher CD5 expression on islet-infiltrating Tregs ( Figure 1C) .
While Tregs are generally thought to exhibit higher self-reactivity than Tconvs, whether or not tissue specificity is important for Treg function remains unknown. Some studies suggest that tissue specificity is critical for recruitment of Tregs to the target tissue (6, 8, 54, 55) , while others have shown that during immunization-induced CNS autoimmunity, only about half of Treg TCRs are reactive to the immunodominant self-antigen (56) . It is unclear if the remaining 50% of Tregs are not specific to tissue antigen or if perhaps they are reactive to a different, undefined antigen. Additionally, inflammatory cues alone may be sufficient to recruit Tregs, irrespective of their tissue specificity. In our studies, islet-infiltrating CD5 lo Tregs were likewise Nur77 GFP low, indicating lower levels of TCR signaling at the tissue site. Whether these Tregs exhibit low affinity for islet antigen or whether a proportion or all of CD5 lo Tregs are tissue nonspecific is unknown. In any case, our study highlights the importance of not only tissue specificity in Treg function, but also a necessity for their high self-reactivity for optimal function in an autoimmune environment. Our study showed that the level of TCR self-reactivity alone can be used to identify superiorly functional Tregs in preventing tissue-specific autoimmunity. Treg numbers are often elevated in target tissues during autoimmunity, yet they fail to prevent tissue destruction (57) (58) (59) (60) (61) . This suggests that, while recruitment to the site of inflammation is unperturbed, the Treg population in autoimmunity is functionally compromised. The level of CD5 expression was sufficient to divide the polyclonal Treg population into 2 functionally distinct subsets. Importantly, both populations were able to traffic to the islets ( Figure 1F ). Together, these observations indicate that a broad range of self-reactive Tregs are recruited to dampen an autoimmune response, but only a fraction of the population is functional. Accumulation of nonfunctional low-affinity Tregs could potentially explain why Treg numbers increase during autoimmunity but are insufficient to control the effector response.
Several groups have reported that coexpression of Foxp3 with T helper lineage hallmark transcription factors, such as T-bet, GATA3, and RORγt, aide Tregs in their ability to suppress specific T helper subsets (62, 63) . It was recently demonstrated that Treg-specific deletion of T-bet abrogated the ability of Tregs to prevent autoimmune diabetes in NOD mice (32) . On the other hand, under some circumstances, T-bet -and subsequently IFNγ -expression can lead to Treg instability (48, (64) (65) (66) . Thus, it remains unclear whether sustained antigen exposure, and consequently continuous TCR signaling, lead to T-bet expression and subsequent Treg destabilization. The current study provides evidence to the contrary, however, as we observed T-bet expression in the absence of IFNγ production associated with a highly functional CD5 hi Treg subset. Additionally, CD5
hi and CD5 lo Tregs retained similar Foxp3 expression after transfer, displayed relatively low expression of KLRG1 ex vivo, and exhibited similar demethylation of key Treg genes (Supplemental Figure 2 , E and H, and Supplemental Figure 4 , E, and H-J). Overall, our data indicate that CD5
hi Tregs are able to maintain suppressive lineage stability under inflammatory context by shifting their dependence from inflammatory cues to primarily utilize TCR signaling pathways for activation of tissue-specific responses. Our study suggests that the level of TCR signaling is correlated with Treg functional capacity and is critical for optimal Treg-suppressive function in demanding inflammatory settings. Although we and others have shown that certain genes and pathways necessary for Treg function are directly regulated downstream of TCR activation, it is unclear whether TCR strength of signal has only an immediate effect on Treg function or whether a strongly perceived TCR signal during thymic development can potentiate Treg function upon a future encounter with self-antigen in the periphery (67) . If such long-lasting effects do exist, they do not seem to be regulated at the DNA methylation level, since both GITR and CTLA-4 were hypomethylated in CD5 hi and CD5 lo Tregs. In either case, our findings show that strong TCR signaling is critical for optimal Treg function in tissue-specific autoimmunity.
Tregs hold a great promise as a safe and long-lasting therapy for autoimmune disorders. In vitroexpanded autologous Treg transfer has recently passed a phase 1 safety trial for treatment of type 1 diabetes (68). However, therapeutic success of such approaches depends on the functional potential, persistence, and tissue-specificity of the Treg population. Previous studies in mice have shown that polyclonal Tregs from spleens of NOD mice are not protective in comparison with tissue-specific Tregs (6) . Therefore, we suspect that islet antigen-specific Tregs are found at insufficient frequencies in peripheral lymphoid tissues to provide noticeable therapeutic benefit. However, in other inflammatory or autoimmune diseases where Treg tissue specificity is not absolutely required for homing to the site of inflammation, such as GVHD, selective transfer of CD5
hi Tregs could improve the efficacy of Treg therapy based on our phenotypic analysis of human Tregs. In regards to the clinical relevance of our study for type 1 diabetes, our findings suggest that development of successful Treg therapies not only depends on Treg tissue reactivity per se, but also on the level of Treg TCR reactivity for β cell antigens.
Methods
Human subjects. , and C57BL/6J mice were obtained directly from the Jackson Laboratory and maintained at our facility. C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J were originally obtained from K. Hogquist (Univeristy of Minnesota, Minneapolis, Minnesota, USA) and backcrossed on to the NOD/ShiLtJ background to generate NOD.Nur77 GFP mice. All mice were housed in specific pathogen free conditions. Assessment of diabetes. Diabetes development was monitored weekly with Diastix (Bayer), and positive readings were confirmed with Breeze2 glucometer (Bayer). Mice were considered diabetic if their blood glucose was > 400 mg/dl.
Isolation of pancreatic islets. Pancreata were perfused by injecting 3 ml collagenase IV (Worthington) through the bile duct, harvested, and placed in 2 ml collagenase IV. Pancreata were incubated at 37 o C for 30 minutes, after which they were washed once with 10 ml 5% FBS/HBSS and resuspended in 10 ml 5% FBS/HBSS. Islets were handpicked and incubated at 37 o C for 15 minutes in 1 ml cell dissociation buffer (Invirogen) and further dissociated by vortexing. Cells were then washed in 10 ml 5% FBS/HBSS and analyzed by flow cytometry.
Diabetes adoptive transfer model. CD4 + T cells were sorted from infiltrated pancreatic islets of 14-to 22-week-old male or female NOD.Foxp3 GFP mice. Sorting was performed on a FACSAria Fusion (BD Biosciences). Tregs were sorted with an average purity of 97% (Supplemental Figure 2B RNA-seq. RNA was isolated from CD4 + T cells sorted from single cell suspensions of the pancreatic islets and spleens of NOD.Foxp3 GFP mice stained with anti-CD4 and anti-CD5 antibodies. All samples were sorted with > 97% purity. cDNA was synthesized using the SMARTer Ultra Low Input RNA Kit (Clontech).
Library preparation was performed with the Illumina Nextera XT kit before paired-end RNA-seq using the Illumina NextSeq500 platform for 150 cycles (NextSeq500 Mid Output Kit). Sequencing reads were aligned to the mouse genome (RefSeq mm10) using TopHat Alignment (version 1.0.0; ref. 69) , and gene expression was quantified by FPKM. Cufflinks Assembly & DE (version 1.1.0; ref. 70 ) was used to compute differential expression between groups, with differentially expressed genes defined by q < 0.05 with Benjamini-Hochberg correction for multiple testing. Heatmaps and PCA were generated in R (version 3.2.3) using heatmap.2 from gplots package (version 2.17.0) with viridis (version 0.4.0), and ggbiplots (71) . Gene ontology analysis was performed using Metascape. All original RNA-seq data were deposited in the NCBI's Gene Expression Omnibus database (GEO GSE102231).
In vivo T-bet induction. Six-to 10-week-old female 12-4.1 TCR Tg mice were injected s.c. on both hind flanks with a total of 100 μg peptide emulsified in IFA.
Peptides. Insulin B:9-23 (C19A) (SHLVEALYLVAGERG; weak agonist peptide), insulin B:9-23 (R22E, C19A) (SHLVEALYLVAGEEG; strong agonist peptide), and HEL:11-25 (AMKRHGLDNYR-GYSL; irrelevant peptide control) were used in tolerogenic immunizations of 12-4.1 TCR Tg mice. Mice were analyzed 12 days after injection.
In vitro T-bet induction. Tregs (CD4 + GFP + /CD25 + ) from NOD.Foxp3 GFP or NOD mice were sorted by FACS with > 95% purity. Cells were stimulated in 96-well flat bottom plates coated with serial dilutions of anti-CD3 (1 μg/ml to 0.06 μg/ml) and 1 μg/ml anti-CD28, in 200 ml complete RPMI supplemented with 10% FBS, 1000 U IL-2, and either 25 ng/ml IFNγ or 2 μg/ml anti-IFNγ for 48 hours.
Flow cytometry and antibodies. Flow cytometry analyses were performed on LSRFortessa II (BD Biosciences), and data were analyzed with FlowJo software (Tree Star Inc.). Monoclonal antibodies against the following molecules were used: Foxp3 (FJK-16s) from eBioscience; Ki67 (B56) from BD Biosciences; CD3 (145-2C11), CD4 (GK1.5), CD5 (53-7.3), CD25 (PC61), CTLA-4 (UC10-4B9), CD8 (53-6.7), GITR (YGITR 765), CD45.2 (104), CD45.1 (A20), ICOS (C398.4A), and T-bet (4B10) from Biolegend. Insulin B:9-23(8G9E)/I-Ag7 tetramers were provided by the NIH tetramer core.
Bisulfite sequencing. Genomic DNA was isolated with a Zymo Research gDNA isolation kit (D4064) from male NOD.Foxp3 GFP splenic Tregs (top 35%) CD4 + GFP + CD5 hi and (bottom 35%) CD4 + GFP + C-D5 lo that were isolated by FACS. Primers for bisulfite sequencing were designed for Tnfrsf18 exon 5 (forward, 5′ -GAGGTGTAGTTGTTAGTTGAGGATGT -3′) (reverse, 5′ -AACCCCTACTCTCAC-CAAAAATATAA -3′), Ctla4 exon 2 (forward, 5′ -TGGTGTTGGTTAGTAGTTATGGTGT -3′) (reverse, 5′ -AAATTCCACCTTACAAAAATACAATC -3′), and Foxp3 intron 1 (forward, 5′ -GAG-GATTTGAATTGGATATGGTTTG -3′) (reverse, 5′ -CAACCTTAAACCCCTCTAACATC -3′), based on previously published primer sequences (41, 72) . Sodium bisulfite treatment of the extracted DNA was carried out with a Zymo Research EZ DNA Methylation kit (catalog 11-335). Obtained PCR fragments were subcloned into shuttle vectors with the Zero Blunt TOPO Cloning kit (K280020, Invitrogen). Plasmid DNA isolated from single bacterial colonies was sequenced by Sanger sequencing. Sequences were analyzed using the BISMA web tool (73) .
Data availability. All data that support the findings of this study are available from the corresponding author upon request.
Statistics. Diabetes incidence curves were compared using the log-rank test. Correlations were calculated by Pearson correlation. Comparisons of more than 2 groups were done using 1-way ANOVA with Bonferroni's multiple-comparisons test. Comparisons between 2 groups were done using the Mann-Whitney nonparametric test unless otherwise specified. Bars represent mean ± SEM. P ≤ 0.05 was considered statistically significant (***P ≤ 0.0005, **P ≤ 0.005, *P ≤ 0.05). Statistical analyses were performed using Prism.
Study approval. The present animal studies were approved by the Baylor College of Medicine IACUC. The present human studies were approved by Baylor College of Medicine IRB, under H-33095 protocol. Subjects provided informed consent prior to participation in the study.
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